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Abstract: Reduced tillage reduces soil erosion and increases topsoil organic matter compared with
conventional tillage. However, yields are often reported to be lower, presumably, due to increased
weed pressure and a slower N mineralization under organic farming conditions. The effects of
reduced tillage compared with ploughing on weed infestation and winter wheat performance at four
different crop stages, i.e., tillering, stem elongation, flowering, and harvest, was monitored for a
single season in an eleven-year-old organic long-term tillage trial. To disentangle the effects of weed
presence on crop yield and potential crop performance, subplots were cleaned from weeds during the
whole cropping season. Weed biomass was consistently higher under reduced tillage. Soil mineral
nitrogen contents under reduced tillage management were higher, which could be explained by the
earlier ley termination in autumn compared with the conventional tillage system. Nitrogen status of
wheat assessed with SPAD measurements was consequently higher under reduced tillage throughout
the season. At harvest, wheat biomass and grain yield were similar in both tillage systems in the
presence of weeds, but 15–18% higher in the reduced tillage system when weeds were removed.
The negative impact of weeds on yields were not found with conventional tillage with a low weed
infestation. Results suggest that reduced tillage can provide equivalent and even higher yields to
conventional tillage in organically managed winter wheat if weed management is improved and
good nutrient supply is assured.
Keywords: reduced tillage; weed-crop competition; ploughing; perennials; wheat
1. Introduction
The loss of arable land, due to soil degradation, is a global problem. Especially ploughing is one
of the major causes of soil erosion, mainly in combination with monocultures and rotations, including
fallow periods where bare soil is exposed [1]. To minimize the negative effect of tillage, the adoption of
conservation tillage has been encouraged by the European Community and the Food and Agriculture
Organization (FAO) [2]. Conservation tillage is a generic term that describes tillage systems which aim
to conserve soil and water [3]. Reduced tillage and minimum tillage are both variants of conservation
tillage. Conservation tillage encompasses tillage operations that work less intensively than a traditional
tillage system in a given region [4], which is usually ploughing under European conditions [5]. This
often means non-inversion tillage at shallower depths, but can include many different approaches
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and machinery [5]. Soil preservation is one of the main motivations among farmers for adopting
conservation tillage [6].
Reducing the intensity of soil tillage has shown to have several benefits compared to ploughing,
such as the accumulation of soil organic matter in topsoils [7], decreased soil erosion [8], increased
soil biodiversity [9] and an increase in earthworm abundance [10]. However, there are also potential
drawbacks. For instance, mineralization of soil organic matter can be slowed down [11], which might
result in a reduced nitrogen supply especially in springtime, challenging yield performance [12–14].
For many organic farmers in Europe, ploughing still remains to be an important means of weed
control [6] which is supported by observations that conversion to conservation tillage under organic
farming bears the risk of an increased weed pressure [15,16], especially of perennial weeds which are
hard to control [17,18]. The lower tillage intensity results in an increased weed abundance mainly
because of higher seedling recruitment in the upper soil layers and the challenge of destroying the
rhizomes of perennial weeds [11,17].
Weeds are one of the major constraints for crop production [19] because they compete for the
same resources that are essential for crop development. Thus, the higher weed pressure commonly
reported for organic reduced tillage [14,20] may induce serious crop-weed concurrence, which needs
to be better understood for efficient weed control.
Potentially reduced nitrogen availability and increased weed incidence under organic reduced
tillage might thus cause the average 7% yield reduction compared with ploughed systems found in a
meta-analysis [14]. Yet, this yield gap is not consistent in all studies, and higher or similar yields have
also been reported [21–24]. Studies assessing weed-crop competitive relationships in relation to soil
nitrogen availability are lacking, but needed to disentangle their effect on crop yield in the comparison
of reduced and conventionally tilled systems.
In a long-term organic tillage trial, we therefore studied weed and winter wheat development,
and weed impact on the crop at four different crop stages, while soil mineral nitrogen was monitored
regularly throughout the cropping season. Two different weed treatments were applied in subplots:
Weed-infested plots, where weeds were not controlled, and weed-controlled plots, i.e., weed-free plots.
We hypothesized that in the reduced tillage compared to the conventional ploughing system: (i) Weed
infestation, especially of perennial and grass species, and weed competition will be higher, leading to
(ii) reduced crop development and yields, and that (iii) the potential wheat performance in weed-free
plots will be still low, due to a lower nitrogen availability.
2. Materials and Methods
2.1. Study Site and Trial Layout
This study was carried out in 2014 in a long-term trial run by the Research Institute of Organic
Agriculture FiBL in Frick, Switzerland (47◦30′ N, 81◦01′ E, 350 m a.s.l.). Mean annual temperature and
rainfall in 2014 were 11.1 ◦C and 966 mm, and on a ten years average 10.2 ◦C and 1073 mm (2003–2013),
respectively. The monthly average data is shown in Appendix A Table A1. The soil type is a Vertic
Cambisol, with a mean soil pH (2012, 0–20 cm) of 7.1. On average, the mineral fraction consists of 22%
sand, 33% silt and 45% clay, and the soil organic carbon ranges between 2.3 and 2.7 (0–10 cm, 2012).
The field was converted to organic standards in 1995 and managed using conventional tillage at
ca. 15 cm ploughing depth until the establishment of the trial in 2002. The crop rotation until 2013
consisted of maize, winter wheat, sunflower, spelt and two years of grass-clover. In 2014, the crop
rotation was changed and winter wheat was sown in October 2013 after termination of the grass-clover
ley. The main agronomic activities performed in 2013 and 2014 from soil preparation to wheat harvest
are summarized in Appendix A Table A2. In this study, two factors were investigated, each with
two levels: Tillage system, comparing conventional (CT) versus reduced tillage (RT) and fertilization,
where the application of slurry alone (SL) was compared to the use of composted farmyard manure
with a reduced quantity of slurry (MC). Fertilization rates and nutrient contents of these treatments
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are provided in Appendix A Table A2. The trial is arranged in a strip split-plot design, with tillage
being carried out in strips to be able to work with normal farm machinery and fertilization nested
across tillage strips. This incomplete block design includes 4 blocks arranged spatially to cover soil
heterogeneity [12]. The plot size is 12 m × 12 m. Termination of the grass-clover ley differed between
the two tillage systems. This is the most challenging situation in an organic rotation as the perennial
ley has to be successfully destroyed without herbicides, which is normally done by ploughing [5].
The procedure in organic reduced tillage systems is still a work in progress. In this study, termination
started earlier in the reduced tilled plots (about two weeks) to profit from summer drought for the
desiccation of ley residues (see details in Appendix A Table). Termination started with a skim plough
(“Stoppelhobel”, Zobel Company, Rot am See, Germany) operating at 5–7 cm depth and was finished a
week later with another pass using a chisel plough with wide sweeps of 7–10 cm (“Weco-Dyn System”,
EcoDyn Company, Schwanau, Germany) to first clear the roots from soil and second to fully undercut
the sward. Thus, two passes were needed in RT. In the conventional tillage system, a moldboard
plough turned the soil to 15–18 cm depth and fully buried the sward in one pass. Seedbed preparation
and sowing was performed simultaneously using a horizontal rotary harrow of 5 cm in both tillage
systems, which is a common practice on heavy soils in the study region.
2.2. Sampling Design
Four sampling dates were chosen at important wheat growth stages based on the cereal growth
stadia on the BBCH scale [25]: ‘Tillering stage (hereafter TS)’ BBCH 26 (sampled on 12th March),
‘Stem elongation stage (ES)’ BBCH 30 (14th April), ‘Flowering stage (FS)’ BBCH 61 (27th May) and
‘Harvest stage (HS)’ BBCH 89 (16th July). In each plot, seven subplots of 1 m × 1 m were established at
least 2 m from the borders of the plots to avoid boundary effects. Half of the subplots were weeded
(cleaned) and the rest were not (weed infested). One cleaned and one infested subplot was attributed
to each of the aforementioned stages. In the case of TS, no clean plots were established, due to the
concurrence of the first sampling date with the start of the study and the very low weed infestation
at that moment. Weeding in the subplots was done manually on a regular basis during the whole
growing season. However, small amounts of weeds were found in the cleaned subplots due to the
constant emergence of weed seedlings. No additional mechanical weeding by tractor driven devices
was done in the main plots during the study.
2.3. Sampling Methods
For each defined stage in both cleaned and weed infested plots, weed aboveground biomass, total
wheat aboveground biomass and chlorophyll content (SPAD) of wheat were measured.
Aboveground weed biomass was sampled at the same time as the aboveground wheat biomass.
All the plants in a 60 cm × 60 cm square within each subplot were cut at soil level. Weed plants were
sorted into four different categories: Annual and perennial grasses, as well as annual and perennial
broadleaves. Fresh weight was recorded. Total weed and wheat dry weight were measured after
drying in the oven at 60 ◦C for 24 h. In addition, at harvest, the effective number of tillers bearing an ear
were registered in each subplot. Wheat ears and straw were separated, dried and weighted to obtain a
proxy for the yield data. Moreover, wheat grain yield of each main plot (weed infested) was harvested
by a plot-sized combined harvester in a 1.5 m × 8 m strip. The grain/straw ratio was determined in
the main plots. Grain yield of cleaned subplots was estimated using measured straw yields and the
main plot grain/straw index. Total N content was analyzed in wheat grain and straw samples of the
main plots by Kjeldahl digestion and subsequent photometric detection. Crude protein content was
calculated by multiplication of N content with the factor 6.25. The total N uptake of wheat plants as the
product of N content and biomass of grain and straw was calculated for the main plots and predicted
for the weed-cleaned subplots using their measured biomass and the main plot N contents.
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To analyze the chlorophyll content, a SPAD meter (SPAD 502 Plus, Konica Minolta, Dietikon,
Switzerland) was used. The average of three readings on the flag leaf of 20 wheat plants was recorded
within each subplot. At harvest, the chlorophyll content was not measured because of wheat leaf
senescence. In addition, soil mineral nitrogen (Nmin) was assessed on a weekly base throughout the
cropping season [26]. Three soil samples were taken with a soil auger (0–20 cm) in each plot and pooled
as a composite sample per treatment. The fresh soil was extracted with a 0.01 M CaCl2 solution (1:4,
w/v) at the day of sampling and the extract analyzed for nitrate and ammonium spectrophotometrically
(SAN-plus Segmented Flow Analyzer, Skalar Analytical B.V., AA Breda, The Netherlands).
2.4. Statistical Analyses
Linear mixed-effect models were used to evaluate the effect of tillage, fertilisation and weed
treatments on the aboveground weed biomass (total biomass and separated by life form, i.e., annual vs.
perennials and grasses vs. broadleaves), wheat biomass, and SPAD measurements for each sampling
stage separately, as well for additional wheat parameters at harvest. The nested trial structure was
considered in the random term. All weed data were log+1-transformed when necessary to meet model
residuals requirements. Nmin was analyzed with a repeated measures ANOVA, including a compound
symmetry auto-correlation structure. All statistical analyses were performed in R Development Core
Team [27] and nlme package [28] was used for linear mixed-effect model analyses.
3. Results
3.1. Weed Composition and Total Weed Biomass
A total of 19 weed species were identified during the whole cropping season. Seven species
were grasses, one was annual (Alopecurus myosuroides Huds.), and six were perennials; among them
Lolium perenne L., Lolium multiflorum Lam. and Poa trivialis L. were the most abundant. There were
seven annual broadleaf species, such as Veronica persica Poiret and Myosotis sp., and five perennial
species, of which Trifolium repens L. at the beginning of the season and Convolvulus arvensis L. towards
the end of the season were the most abundant. Towards the end of the season, annual broadleaf species,
mainly Veronica hederifolia L. and V. persica, virtually disappeared in both systems while the annual
grass A. myosuroides increased in abundance. Perennials were more abundant than annual species in
both tillage systems at three out of four wheat stages (Figure 1, Table 1). With a relative abundance of
perennials of on average 69% in CT and 78% in RT, there was a clear tillage system impact. Similarly,
grasses were overall more abundant than broadleaves except at harvest. A relative abundance across
sampling dates of 67% and 61% for CT and RT, respectively, indicates only a minor tillage system effect.
Agronomy 2019, 9, 180 4 of 12 
 
cropping season [26]. Three soil samples were taken with a soil auger (0–20 cm) in each plot and 
pooled as a composite sample per treatment. The fresh soil was extracted with a 0.01 M CaCl2 solution 
(1:4, w/v) at the day of sampling and the extract analyzed for nitrate and ammonium 
spectrophotometrically (SAN-plus Segmented Flow Analyzer, Skalar Analytical B.V.,AA Breda ,The 
Netherlands).  
2.4. Statistical Analyses 
Linear mixed-effect models were used to evaluate the effect of tillage, fertilisation and weed 
treatments on the aboveground weed biomass (total biomass and separated by life form, i.e., annual 
vs. perennials and grasses vs. broadleaves), wheat biomass, and SPAD measurements for each 
sampling stage separately, as well for additional wheat parameters at harvest. The nested trial 
structure was considered in the random term. All weed data were log+1-transformed when necessary 
to meet model residuals requirements. Nmin was analyzed with a repeated measures ANOVA, 
including a compound symmetry auto-correlation structure. All statistical analyses were performed 
in R Development Core Team [27] and nlme package [28] was used for linear mixed-effect model 
analyses.  
3. Results 
3.1. Weed Composition and Total Weed Biomass 
A total of 19 weed species were identified during the whole cropping season. Seven species were 
grasses, one was annual (Alopecurus myosuroides Huds.), and six were perennials; among them Lolium 
perenne L., Lolium multiflorum Lam. and Poa trivialis L. were the most abundant. There were seven 
annual broadleaf species, such as Veronica persica Poiret and Myosotis sp., and five perennial species, 
of which Trifolium repens L. at the beginning of the season and Convolvulus arvensis L. towards the end 
of the season were the most abundant. Towards the end of the season, annual broadleaf species, 
mainly Veronica hederifolia L. and V. persica, virtually disappeared in both systems while the annual 
grass A. myosuroides increased in abundance. Perennials were more abundant than annual species in 
both tillage systems at three out of four wheat stages (Figure 1, Table 1). With a relative abundance 
of perennials of on average 69% in CT and 78% in RT, there was a clear tillage system impact. 
Similarly, grasses were overall more abundant than broadleaves except at harvest. A relative 
abundance across sampling dates of 67% and 61% for CT and RT, respectively, indicates only a minor 
tillage system effect. 
 
Figure 1. Weed biomass of four different growing form types (g fresh matter m−2) per tillage system 
(weed-infested treatment only) at different wheat stages. Fertilisation treatments were pooled. CT = 
ploughing, RT = reduced tillage. 
Figure 1. Weed biomass of four different growing form types (g fresh matter m−2) per tillage
system (weed-infested treatment only) at different wheat stages. Fertilisation treatments were pooled.
CT = ploughing, RT = reduced tillage.
Agronomy 2019, 9, 180 5 of 11
Total weed biomass was significantly higher under reduced compared to conventional tillage at
the beginning of the cropping season and in tendency higher in later stages, presumably, due to a larger
heterogeneity in the distribution of perennials (Table 1, Appendix A Figure A1). The weed-cleaned
subplots always had significantly less weed biomass compared to the infested ones (Table 1, Appendix A
Figure A1). Fertilisation had no effects on weeds (Table 1).
Table 1. Statistical results of tillage, fertilisation and weed specific effects on (a) total weed and biomass
of different life forms, (b) wheat biomass and (c) SPAD scores at different wheat stages. Interactions
with fertilisation were not significant and therefore excluded for simplification.
Tillering Stem Elongation Flowering Harvest
F-values and significance levels
(a) Total weed biomass (see Figure A1, Appendix A)
Tillage (T) 23.6 * 14.4 * 6.92 (*) 5.88 (*)
Fertilisation 0.06ns 0.01ns 2.80ns 0.01ns
Weeding (W) - 100.5 *** 11.4 ** 29.9 ***
T ×W - 6.55 * 7.29 * 1.26 ns
Weed biomass: Annual vs. perennial species (see Figure 1)
Tillage (T) 21.1 * 10.8 * 20.1 * 9.12 (*)
Fertilisation 0.51 ns 0.66 ns 1.53 ns 0.04 ns
Life form (L) 9.91 ** 0.41 ns 6.13 * 4.61 (*)
T × L 7.95 * 3.93 (*) 50.2 *** 3.43 (*)
Weed biomass: Grasses vs. broadleaves (see Figure 1)
Tillage (T) 19.7 * 21.3 * 17.4 * 9.22 (*)
Fertilisation 1.65 ns 0.05 ns 0.94 ns 0.72 ns
Life form (L) 82.2 *** 3.75 (*) 8.65 * 0.08 ns
T × L 0.83 ns 2.44 ns 4.30 (*) 0.20 ns
(b) Total wheat biomass (see Figure 2)
Tillage (T) 4.98 ns 17.5 * 0.67 ns 1.24 ns
Fertilisation 0.26 ns 0.08 ns 1.54 ns 0.66 ns
Weeding (W) - 0.01 ns 3.49 (*) 8.66 *
T ×W - 0.04 ns 3.04 ns 6.86 *
(a) SPAD (Figure 3)
Tillage (T) 3.66 ns 7.08 (*) 6.85 (*) -
Fertilisation 0.13 ns 2.14 ns 0.00 ns -
Weeding (W) - 0.00 ns 2.40 ns -
T ×W - 0.44 ns 0.07 ns -
Significance levels = (*) p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant, – data not measured (details
in Material and Methods); Denominator degree of freedom (denDF) refers to Tillering (Tillage = 3, Fertilisation = 6),
later stages (Tillage = 3, Fertilisation = 6, Weeding/Life form = 12, Interactions = 12).
3.2. Wheat Performance
Dry wheat aboveground biomass was higher under reduced tillage at the beginning of the season
(Table 1, Figure 2). At Flowering, there was a trend towards a higher wheat biomass in weed-cleaned
subplots compared with weed-infested subplots in CT. Conversely, at Harvest, total wheat biomass was
on average about 15% and significantly higher in reduced tilled plots when they were weed-cleaned
compared to both CT subplots and the weed-infested RT subplots. The same effect was recorded for
both ear and straw biomass and thus for the grain yield that was measured in weed-infested main plots
and predicted for the weed-cleaned subplots (Table 2). Crude protein contents were similar between
tillage systems. Predicted total N uptake was highest in weed-cleaned RT subplots accordingly. As a
trend, the number of tillers was 4–8% higher in weed-cleaned subplots in both tillage treatments.
Fertilisation had no effect on wheat performance in this season (Table 2).
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measures ANOVA, F-value 7.19, p-value 0.009, DF 78). This was most prominent just after tillage and
sowing in autumn 2013 (Figure 3).Agronomy 2019, 9, 180 7 of 12 
 
 
Figure 3. Soil mineral nitrogen concentrations in 0–20 cm (Nmin, mg kg−1) during the wheat growing 
season 2013/2014 (selection modified after Figure 1 in Reference [26]). Major field management is 
shown below. Bar plots show SPAD scores at major wheat stages (TS = Tillering, ES = Stem elongation, 
FS = Flowering). CT = ploughing, RT = reduced tillage. 
4. Discussion 
4.1. Impact of Tillage Systems on Weed Flora 
According to previous findings in the same trial [23,29] but also in other studies [11,17,30], total 
weed aboveground biomass was higher in the reduced tillage system than in ploughing. In the same 
trial, the analysis of 9-years rotation showed an increase in weed abundance of 2.3 times [23]. The 
most problematic weed at this site, C. arvensis, has however a relative tolerance to tillage [29] and was 
therefore also a challenge in both systems in this study, counting to 35% (CT) and 45% (RT) of the 
total weed biomass at harvest. Reduced tillage is therefore less successful in regulating this 
problematic weed. An increase in grasses under reduced tillage was also found elsewhere [31,32]. 
Annual grasses were largely represented by A. myosuroides with a high biomass especially at the end 
of the season. Yet, the higher abundance of grasses in RT was mainly caused by perennial grass 
species, as the abundance of annual grasses was similar in both tillage systems. In reduced tillage 
plots, the perennial grasses L. perenne, L. multiflorum, P. trivialis and Phleum pratense L. were the most 
abundant group of grasses. As L. perenne and P. pratense were part of the grass-clover mixture (besides 
Festuca pratensis, Dactylus glomerata and Trifolum pratense and T. repens) preceding wheat, their 
increase can most likely be attributed to the ley termination which was more difficult in the reduced 
tillage system. In 2013, autumn was rainy and thus the destruction of the grass-clover sward without 
soil inversion in RT was only partly successful. Grasses and clover regrew after sowing of wheat, 
which was hardly the case in CT, where ploughing buried the sward reliably. As seen in this study, 
volunteer regrowth can increase competition when weed management is not performed optimally. 
Ley destruction is thus a critical point within an organic rotation and reduced tillage systems need to 
be improved to guarantee a good volunteer [5]. As a result, total and relative biomass of perennials 
were higher under RT as shown previously in the same trial [23]. The increase in grass abundance 
over time in the RT of almost two-fold previously reported was less relevant in this study.  
4.2. Impact of Tillage Systems on Winter Wheat Performance and Weeding Impact 
Mineralization of the incorporated grass-clover sward was higher in RT than in CT. The slightly 
earlier ley termination in RT with two passes compared to one pass in CT might have contributed to 
the higher mineralization just after its termination. The higher mineralization led to better plant 
nutrition (as expressed by higher SPAD scores) in RT, especially at tillering, and persisted through 
the growing season. This could explain why weeding treatment did not affect SPAD values. The 
Figure 3. Soil mineral nitrogen concentrations in 0–20 c i , g kg−1) during the wheat growing
season 2013/2014 (selection modified after Figure 1 i rence [26]). Major field management is
shown below. Bar plots show SPAD scores at major wheat (TS = Tillering, ES = St m elongation,
FS = Flowering). CT = ploughing, RT = reduced tillage.
Agronomy 2019, 9, 180 7 of 11
4. Discussion
4.1. Impact of Tillage Systems on Weed Flora
According to previous findings in the same trial [23,29] but also in other studies [11,17,30], total
weed aboveground biomass was higher in the reduced tillage system than in ploughing. In the same
trial, the analysis of 9-years rotation showed an increase in weed abundance of 2.3 times [23]. The most
problematic weed at this site, C. arvensis, has however a relative tolerance to tillage [29] and was
therefore also a challenge in both systems in this study, counting to 35% (CT) and 45% (RT) of the total
weed biomass at harvest. Reduced tillage is therefore less successful in regulating this problematic
weed. An increase in grasses under reduced tillage was also found elsewhere [31,32]. Annual grasses
were largely represented by A. myosuroides with a high biomass especially at the end of the season.
Yet, the higher abundance of grasses in RT was mainly caused by perennial grass species, as the
abundance of annual grasses was similar in both tillage systems. In reduced tillage plots, the perennial
grasses L. perenne, L. multiflorum, P. trivialis and Phleum pratense L. were the most abundant group of
grasses. As L. perenne and P. pratense were part of the grass-clover mixture (besides Festuca pratensis,
Dactylus glomerata and Trifolum pratense and T. repens) preceding wheat, their increase can most likely
be attributed to the ley termination which was more difficult in the reduced tillage system. In 2013,
autumn was rainy and thus the destruction of the grass-clover sward without soil inversion in RT
was only partly successful. Grasses and clover regrew after sowing of wheat, which was hardly the
case in CT, where ploughing buried the sward reliably. As seen in this study, volunteer regrowth can
increase competition when weed management is not performed optimally. Ley destruction is thus a
critical point within an organic rotation and reduced tillage systems need to be improved to guarantee
a good volunteer [5]. As a result, total and relative biomass of perennials were higher under RT as
shown previously in the same trial [23]. The increase in grass abundance over time in the RT of almost
two-fold previously reported was less relevant in this study.
4.2. Impact of Tillage Systems on Winter Wheat Performance and Weeding Impact
Mineralization of the incorporated grass-clover sward was higher in RT than in CT. The slightly
earlier ley termination in RT with two passes compared to one pass in CT might have contributed
to the higher mineralization just after its termination. The higher mineralization led to better plant
nutrition (as expressed by higher SPAD scores) in RT, especially at tillering, and persisted through the
growing season. This could explain why weeding treatment did not affect SPAD values. The better
plant nutrition translated also into higher biomass yields in early stages of wheat growth and was
still prevalent at harvest (slightly higher crude protein content and total N uptake in RT). Previous
results in the trial have shown a significant increase in soil organic carbon concentrations and stocks in
RT compared with CT, as well as higher microbial biomass [26]. Overall, the long-term effect of RT
practices in this trial showed improved soil properties in RT, which may have contributed to the higher
N mineralization observed. For instance, the higher microbial biomass reported may have provided
more nutrients, due to higher microbial activity and thus nutrient turnover. It must be also considered
that the spring was warmer and drier than the ten-year average (Appendix A Table A1), which seemed
to stimulate mineralization. A cold and wet soil not mineralizing in spring as seen as problematic in
Reference [4] was not an issue in this study. Therefore, plant nutrition, at least in terms of nitrogen,
was better in RT than in CT, which can be explained by both the improvement of the soil conditions
and the good weather conditions. The different type of fertilization did not have a significant effect on
wheat parameters (neither on weed biomass). The same results were reported in the same trial when
analyzing long-term tendencies, i.e., from 2002 to 2011 [23].
Wheat yields did not differ between RT and CT in the presence of weeds. This is supported by the
results of a 9-year rotation in the same trial for three different crops, i.e., wheat, sunflower and spelt,
in spite of higher weed abundance [23]. Lower yields under reduced tillage have been mainly reported
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in crops sown in widely spaced rows, such as corn, soybean or faba bean, and concurred with much
higher weed infestations [33].
In our study, the reduction of the weed presence had positive effects on the production of tillers in
both tillage systems, but more interestingly, on the final wheat biomass and yield, but only in the RT
system. An increase in wheat biomass in cleaned subplots was only significant for CT at the flowering
stage. Yet, this was not translated into higher biomass and grain yield at harvest. This could indicate
an interaction of weed competition and plant nutrition, which was lower in CT. On the contrary, 15%
higher final biomass yield (+18% in predicted grain yield) in cleaned compared with weed infested
subplots in RT suggests that weed competition jeopardizes the high yield potential of RT. In this
study, it seems that the impact of weed presence on wheat growth was more serious at the very end
of the growing season. This confirms observations from practical farming that C. arvensis, a highly
competitive weed [34] and A. myosuroides are key weeds that need special caution and that the regrowth
of perennial grasses needs to be avoided.
Thus, similar yields to CT can still be achieved in RT with a high weed pressure if plant nutrition
is sufficient. Previous studies have shown changes in weed functional traits of weed communities in
different tillage regimes. Many species in weed communities under reduced tillage were potentially
less competitive because they were shorter and had less affinity for nutrients [35]. This could also
explain the similar yields between different tillage systems despite the higher weed pressure. This
means also that reducing weed pressure by improving weed control may even result in higher yields
in RT. The average yield gap reported by Cooper et al. [14] may consequently be rather determined by
nutrient supply, which seems to be often limited in RT. However, we must take into consideration that
for other crops, such as maize or soybean, differences in weed infestation levels between RT and CT
have been found to be much higher than for wheat [23], which increases the competition for resources
with the crop and might lead to a high yield gap.
5. Conclusions
Our study supports reduced tillage as a feasible alternative to ploughed systems. Results show
similar wheat grain yields and aboveground biomass in both tillage systems and the potential to obtain
even higher wheat biomass under reduced tillage if weed pressure is decreased. Our results also show
that good nutrient availability under reduced tillage is possible, and this may have counterbalanced
the higher weed competition compared with ploughing.
Improvements in weed control should therefore especially focus on reducing weed infestation
at later stages of wheat development. New machinery or adjustments of crop rotations and green
manures to suppress perennial weeds need to be further addressed. Similar studies assessing direct
weed-crop competition effects are suggested to be performed also in other crops, such as maize or
soybean, where lower crop yields under reduced tillage are reported, due to very high weed infestation
levels [23]. In addition, as seen in this study, there is a high potential to nourish crops by an intense
nutrient turnover in RT. However, efforts in improving soil structure, especially in the lower topsoil,
where compaction is often reported [5], needs to be addressed also to assure good plant nutrition even
when weather conditions for nutrient mineralization are unfavorable.
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Figure A1. Total weed biomass (g dry matter m−2) per tillage system and weeding treatments at 
different wheat stages. Fertilisation treatments were pooled. CT = ploughing, RT = reduced. 
Table A1. Weather data (temperature, precipitation) during the wheat-growing season considered in 
the weed competition study compared with the average of 2003–2013. 
Weed Study Period  Mean (2003–2013) 
Year Month Temperature 
°C 
Precipitation 
mm 
Temperature 
°C 
Precipitation 
mm 
2013 October 11.6 105.4 10.3 80.8 
2013 November 4.7 129.8 5.2 73.7 
2013 December 1.8 70.6 1.5 108.5 
2014 January 3.4 67.2 1.1 80.8 
2014 February 4.5 65.6 1.3 57.9 
2014 March 7.7 17.6 5.6 77.5 
2014 April 11.3 77.6 10.5 79.0 
2014 May 13.1 74.4 14.3 109.4 
2014 June 18.6 52.2 18.2 95.0 
2014 July 18.5 190.4 19.6 124.6 
Figure A1. Total weed biomass (g dry matter m−2) per tillage system and weeding treatments at
different wheat stages. Fertilisation treatments were pooled. CT = ploughing, RT = reduced.
Table A1. Weather data (temperature, precipitation) during the wheat-growing season considered in
the weed competition study compared with the average of 2003–2013.
Weed Study Period Mean (2003–2013)
Year Month Temperature◦C
Precipitation
mm
Temperature
◦C
Precipitation
mm
2013 October 11.6 105.4 10.3 80.8
2013 Novem 4.7 129.8 5.2 73.7
2013 December 1.8 70.6 1.5 108.5
2014 January 3.4 67.2 1.1 80.8
2014 February 4.5 65.6 1.3 57.9
2014 March 7.7 17.6 5.6 77.5
2014 April 11.3 77.6 10.5 79.0
2014 y 13.1 74.4 14.3 109.4
2014 June 18.6 52.2 18.2 95.0
2014 July 18.5 190.4 19.6 124.6
Table A2. Farm operations during wheat cropping in 2013 and 2014, according to: tillage system
(conventional (CT) and reduced (RT)) and fertilization treatment (slurry (SL) and manure compost
with reduced amounts of slurry (MC)).
Date
Treatments Farm Operation Details
N Applied
CT-MC CT-SL RT-MC RT-SL (kg ha−1)
23.09.2013 X X Grass-clover termination (Skim plough) 5–7 cm
02.10.2013 X X Grass-clover termination (Chisel plough) 10 cm
09.10.2013 X X Grass-clover termination (Ploughing) 15–18 cm
20.10.2013 X X X X Rototiller/Sowing winter wheat var. Wiwa 250 kg ha−1
11.03.2014 X X Manure compost application 14.4 t FM ha−1 Nt = 102, Nmin = 7
19.03.2014 X X Slurry application 20 m3 FM ha−1 Nt = 28, Nmin = 12
19.03.2014 X X Slurry application 50 m3 FM ha−1 Nt = 69, Nmin = 30
09.04.2014 X X Slurry application 17 m3 FM ha−1 Nt = 26, Nmin = 10
09.04.2014 X X Slurry application 37 m3 FM ha−1 Nt = 57, Nmin = 21
FM = Fresh matter, Nt = total N, Nmin = mineral N as contained in manure and slurry.
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